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Elite controllers (ECs) are rare individuals able to naturally control HIV-1 replication below the detection limit of viral load (VL) commercial assays. It is unclear, however, whether ECs might be considered a natural model of a functional cure because some studies have noted CD4
+ T cell depletion and disease progression associated with abnormally high levels of immune activation and/or inflammation in this group. Here, we propose the use of immunological parameters to identify HIV-1 ECs that could represent the best model of a functional cure. We compared plasma levels of six inflammatory biomarkers (IP-10, IL-18, sCD163, sCD14, CRP, and IL-6) and percentages of activated CD8 + T cells (CD38 + HLA-DR + ) between 15 ECs [8 with persistent undetectable viremia (persistent elite controllers) and 7 with occasional viral blips (ebbing elite controllers)], 13 viremic controllers (VCs-plasma VL between 51 and 2,000 RNA copies/mL), and 18 HIV-1 infected patients in combined antiretroviral therapy, with suppressed viremia, and 18 HIV-uninfected controls (HIV-neg). The two groups of ECs presented inflammation and activation profiles similar to HIV-neg individuals, and there was no evidence of CD4 + T cell decline over time. VCs, by contrast, had higher levels of IL-18, IP-10, and CRP and a lower CD4/CD8 ratio than that of HIV-neg (P < 0.05). Plasma levels of IL-18 and IP-10 correlated positively with CD8 + T cell activation and negatively with both CD4/CD8 and CD4% in HIV-1 controllers. These results suggest that most ECs, defined using stringent criteria in relation to the cutoff level of viremia (≤50 copies/mL) and a minimum follow-up time of >5 years, show no evidence of persistent inflammation or immune activation. This study further suggests that plasmatic levels of IL-18/IP-10 combined with the frequency of CD8 + CD38 +
HLA-DR
+ T cells can be important biomarkers to identify models of a functional cure among HIV-1 ECs.
Keywords: hiV-1, inflammation, immune activation, elite controller, iP-10, il -18 inTrODUcTiOn HIV controllers (HICs) are HIV-1-infected individuals able to control viral replication in the absence of combined antiretroviral therapy (cART) (1) . According to the level of control, the HICs are divided into two groups: elite controllers (ECs), individuals able to keep viremia below the limit of detection of viral load (VL) commercial kits (currently, <40-50 RNA copies/mL), and viremic controllers (VCs), individuals able to maintain the plasmatic VL below 2,000 RNA copies/mL (2) . Despite the exceptional control of viremia, there are controversies as to whether EC might be considered a natural model of a functional cure.
Some ECs display a progressive loss of CD4 + T cell counts and eventually progress to AIDS over time. The disease progression in those individuals appears to be mostly driven by persistent immune activation and inflammation likely associated with residual viremia (3) (4) (5) . Consistent with this evidence, some studies suggest that the cART might lead to a marked decrease in immune activation and increased CD4 + T cell counts in ECs, reducing the risk of non-AIDS-related events (6) (7) (8) . Conversely, other studies describe that elevated levels of T cell activation and soluble inflammation markers are not associated with a faster rate of CD4 + T cell decline in ECs (9, 10) or that ECs maintain absolute CD4
+ T cell counts and T cell activation levels within the normal range over time (10) (11) (12) , thus concluding that these individuals may not have benefited from early cART initiation.
These observations confirm that ECs are heterogeneous with regard to both virologic (5, 11, 13, 14) and immunologic (2, 3, 10, 12, 15, 16) features. Such heterogeneity may result from the absence of a standardized classification of ECs mainly in relation to the cutoff level of viremia (≤50-500 copies/mL), minimum follow-up time (1-10 years), and/or presence of occasional blips (17) . That heterogeneity may also reflect different underlying mechanisms of natural suppression of viremia across individuals.
The aim of this study was to evaluate different immunologic parameters in a group of ECs with stringent criteria for a definition of both the VL cutoff limit of detection (≤50 copies/mL) and the durability of viral suppression (>5 years) to identify those individuals who could represent the best model of a natural functional cure. To this end, we compared the plasma levels of inflammatory biomarkers and T cell activation between ECs with persistent undetectable viremia, ECs with occasional viral blips, VCs, cART-treated patients with undetectable viremia and HIVuninfected controls. We also assessed the relationship between CD4 + T cell counts, CD4%, CD4/CD8 ratio, levels of CD8 + T cell activation, and levels of soluble markers of inflammation among HIV-1 controllers.
MaTerials anD MeThODs study subjects and ethical issues
Twenty-eight HIV-1 controllers from the Instituto Nacional de Infectologia Evandro Chagas (INI) were selected for this study and divided into three groups as described previously in Ref. (14): (1) persistent elite controllers (PECs), if 100% of VL measures were below the limit of detection (<50-80 copies/mL) depending on the commercial method available, along with the clinical and laboratory follow-up (n = 8); (2) ebbing elite controllers (EECs), if subjects had occasional (<30% of frequency) episodes of transient low-level (51-400 copies/mL) viremia (n = 7); and (3) VCs, if most (≥70%) VL determinations were between 51 and 2,000 copies/mL (n = 13). Occasional VL measurements above the upper limits were accepted along with the follow-up for the EEC and VC groups. A group of HIV-1 infected individuals on cART with a VL suppressed for at least 2 years (cART; n = 18) and a group of HIV-1-uninfected individuals (HIV-neg; n = 18) were also included as controls. All participants provided written informed consent, and the ethical committee of Instituto Nacional + T and CD8 + T cell counts and VL data were collected from 1997 to 2017, depending on the HIC study entry.
Markers of T cell activation and inflammation
Cryopreserved PBMCs were thawed in RPMI 1640 medium, GlutaMax supplemented (Gibco, Invitrogen, Carlsbad, CA, USA) containing 10% FBS (R10 medium) (Gibco, Invitrogen, Carlsbad, CA, USA), then washed using R10 medium and incubated overnight at 37°C, 5% CO2 and controlled humidity. Afterward, the cells were washed and stained with FVS450 for viability evaluation (BD Biosciences, San Diego, CA, USA) and the following monoclonal antibodies: anti-CD3 APC-H7, anti-CD4 PECF594, anti-CD8 APC, anti-CD38 BB515, and anti-HLA-DR PE (BD Biosciences, San Jose, CA, USA). Then, the cells were washed, fixed with 1% PFA (Sigma, Germany), and acquired using a BD FACSAria IIu Flow Cytometer (BD Biosciences, San Jose, CA, USA). Flow cytometric analysis was performed with Flow Jo v.10.0.7 (Tree Star Inc., Ashland, OR, USA).
Plasmatic levels of IP-10, IL-18, sCD163, sCD14, CRP, and IL-6 were measured using commercial ELISA assays (R&D systems, USA), following the manufacturer's instructions.
statistical analysis
In the evaluation of the sociodemographic, clinical, and laboratorial features among the different groups of HICs, cART, and HIV-1-uninfected individuals, for continuous numerical variables, Kruskal-Wallis ANOVA by Ranks tests were used for assessing the hypothesis that the different samples in the comparison were drawn from the same distribution or from distributions with the same median. Likewise, for categorical nominal variables, Fisher's exact tests were used in the evaluation of frequencies among the different groups for assessing the hypothesis of independence between the groups of individuals and these variables. In addition, graphical exploratory analyses were performed for continuous numerical variables for dimension reduction and visualization by multivariate principal component analysis (PCA), and Spearman's rank correlation coefficient analyses were calculated for these variables. Pairwise comparisons of laboratory variables averaged among groups of interest were performed by contrasts obtained after both bi-and multivariate-linear models fitted by ordinary least square regressions. P-values were corrected by the Tukey Honest Significant Difference (HSD) method (18) . After all laboratory variable pairwise comparisons, we conducted a type I error adjustment for multiple comparisons following the Holm-Bonferroni method (19) . Likewise, confounding variables were selected by bivariate linear models fitted by ordinary least square regressions and included in multivariate models if any adjusted-P-value <0.2 to eliminate sample bias. Box-Cox Power family of transformations (20) was used whenever necessary to normalize laboratory variables. Before modeling the CD4 + T cell counts and the CD4/CD8 ratio kinetics of the HIC individuals, the variables were log-(base 10) and square-root transformed, respectively, and then nested linear mixed-effect models (21) were fit by maximum likelihood and had their deviance compared by F-test with Kenward-Roger approximation. Contrasts were obtained from the fitted model to compare both CD4 + T cell counts and the CD4/CD8 ratio kinetics means among HIC groups of individuals. Degrees of freedom for adjusted effects were approximated by the Satterthwaite method (22) . Again, P-values were corrected by the Tukey HSD method (18) . All statistical analysis was performed in software R v. 3.4.3.
resUlTs characteristics of the study groups Table 1 summarizes the characteristics of the five study groups at a time point selected for this study (highlighted in Figure S1 in Supplementary Material). We found no dependence among the observed frequencies of any of the nominal variables evaluated (age, gender, level of education, exposure category, and time since HIV diagnosis) and the study groups, with the exception of skin color. The median follow-up time of the HIC groups was 9.02 years (IQR = 6.46). Despite no global difference among the groups, the PEC group had the highest median CD4 + T cell counts at the inflammation/immune activation assay date (1,243.5; IQR = 472.8). Some patients started cART due to the recommendation of the "Departamento de Vigilância, Prevenção, e Controle das IST, do HIV/Aids e das Hepatites Virais" from the Ministry of Health in Brazil, which offer cART to all PLWH.
Most ecs have levels of inflammation and immune activation similar to hiV-1-Uninfected individuals
Chronic inflammation and elevated immune activation are associated with a faster progression to AIDS and CD4 + T cell depletion (23, 24) . Here, we evaluated the concentration of six plasmatic markers of inflammation/immune activation and frequency of activated CD8
+ T cells (Figure 1 ; Figure S2 in Supplementary Material). Among the HICs, the estimated mean levels of IL-18 and IP-10 increased as the level of viremia increased (PECs < EECs < VCs), although the difference between PECs and EECs was not significant (Figures 1A,B) Figure 1C) . The levels of IL-6, sCD14, and sCD163 were not different among the five groups of individuals ( Figure S2 in Supplementary Material).
The expression of CD38 and HLA-DR on CD8 + T cells has been broadly used to evaluate immune activation in HIV-1 infection (3, 10, 23, 25) . The VC group presented a higher estimated mean proportion, 12.2% [10.0; 14.5], of activated CD8 + T cells; this proportion was significantly higher than that of the other groups ( Figure 1D ). The PEC (3.0% [1.6; 4.7] ) and EEC (1.0% [−0.4; 2.6]) groups displayed CD8 + T cell estimated mean activation levels that Comparisons of means among groups were performed by contrasts/differences obtained after both bi-and multivariate-linear models fitted by ordinary least square regressions. P-values were corrected by the Tukey Honest Significant Difference post hoc method, and a Type I error adjustment was conducted for multiple comparisons following the Holm-Bonferroni method. *P < 0.05, **P < 0.01. ecs Maintain a normal cD4/cD8 ratio and cD4%
Studies have reported an association between CD4/CD8 ratio and T cell activation (26, 27) . We observed no difference of CD4/ CD8 ratio (Figure 2A) among the HICs or even with the cART and HIV-1-uninfected individuals. We also evaluated the CD4% (Figure 2B) , as this marker is considered one of the best predictors of AIDS-associated events (28); a previous study (10) + T cell depletion (24, 29) . To analyze the trajectories of CD4 + T cell counts and the CD4/CD8 ratio, we fitted linear mixedeffects models (Tables S1 and S2 and Figure S3 in Supplementary Material). The mean CD4 + T cell count (log, base 10, transformed) trajectories were distinct among the groups, but without evidence of a decline in CD4 + T cell counts for any group in 5 years of follow-up intervals (Figures 3A-C ; Table S3 in Supplementary Material). Despite that, the fitted mean log10-transformed CD4 + T cell counts of the PEC group presented a clear, continuously rising tendency after 5 years of follow-up, while for the EEC group, this rising tendency was limited to 12.5 years, after which there was a slightly descending fitted mean. Conversely, for the VC group, the fitted mean described a much more stable pattern, with a slight descent until 12.5 years of follow-up that was reversed in the other half period. The square root of CD4/CD8 ratios, CD CD 4 8 / (Table S4 in Supplementary Material) was somewhat different from the fitted mean log10-transformed CD4 + T cell count dynamics ( Figure S3A in Supplementary Material). Although there is also a clear, continuously rising tendency after 5 years of follow-up for the PEC group, for the fitted mean square root of CD4/CD8 ratios ( Figure S3B in Supplementary Material), we observed a more linear tendency, i.e., straightness. For the EEC group, the rising tendency for the fitted mean square root of the CD4/CD8 ratio was shorter than that for the log10-transformed FigUre 2 | HIV controllers have a normal CD4/CD8 ratio and CD4%. The CD4/CD8 ratio (a) and the CD4% (B) were obtained using the MultiTest TruCount kit. The time point selected for this study is highlighted in Figure S1 in Supplementary Material. Boxplots represent the IQR and sample median (central solid black line). Red dots and vertical bars represent linear model estimated adjusted means and 95% confidence intervals (CI 95%). The CD4/CD8 ratio was square-root transformed; comparisons of means among groups were performed by contrasts/differences obtained after both bi-and multivariate-linear models fitted by ordinary least square regressions. P-values were corrected by the Tukey Honest Significant Difference post hoc method, and a type I error adjustment was conducted for multiple comparisons following the Holm-Bonferroni method.
▪ P < 0.1, *P < 0.05.
FigUre 3 | HIV controllers (HICs) have no evidence of CD4
+ T cell decline. Fitted (sample) instant in/decrement of log10-transformed CD4 + T cell counts at 5-year intervals (ranges) after HIV-1 diagnosis for HICs, ebbing elite controller (a), persistent elite controller (B), and viremic controller (c), and the comparison of fitted mean log10-transformed CD4 + T cell counts among HICs at year 0 (D), 5 (e), 10 (F), and 15 (g) after HIV-1 diagnosis. Analysis was performed by selecting the best nested linear mixed-effect models fitted by maximum likelihood. Deviance analysis was performed among nested models by F-test with Kenward-Roger approximation. Slopes/contrasts were obtained from the best fitted models to compare CD4 + T cell counts kinetic estimated means and CI 95% (red dots and vertical bars) among HIC groups of individuals. Degrees of freedom for estimated effects were approximated by the Satterthwaite method. Boxplots represent the IQR and sample median (central solid black line). Red dots and vertical bars represent linear model estimated adjusted means and 95% confidence intervals (CI 95%). Again, P-values were corrected by the Tukey Honest Significant Difference. 
CD4
+ T cell counts, stopping at 5 years of follow-up, and the slight descent observed for the log10-transformed CD4 + T cell counts was much more evident and continuous for at least the remaining 3/4 of follow-up time. The more distinct pattern among HIC groups was clearly the one for the VC group ( Figure S3C in Supplementary Material). We saw a clear continuously descending tendency for the fitted mean square root of the CD4/CD8 ratio that initiated right at the beginning of the observation and continued for at least 20 years. To show some of these differences along the follow-up time for both the fitted mean log10-transformed mean CD4 + T cell counts and square root of the CD4/CD8 ratio, and given the small sample size, we decided to test either if there were instantaneous in/decrements (slopes) within groups in 5-year intervals (Tables S3 and S4 in Supplementary Material), or if there were within-group differences between the beginning and 15 years of follow-up time (Tables S5 and S6 Table S6 in Supplementary Material). We then decided to compare both the fitted mean log10-transformed mean CD4 + T cell counts and fitted mean square root of the CD4/CD8 ratio among groups (Figures 3D-G) . In these analysis, we observed differences between PECs and VCs after 10 years of follow-up Table S7 in Supplementary Material). Once VCs had no evidence of CD4 + T cell count decrease, these results were possibly due to an increase of CD4 + T cell counts in EECs. Using resembling analyses (Figures S4D-G and Table  S8 in Supplementary Material), we observed both a difference after 10 years of follow-up between the fitted mean square root of CD4/CD8 ratios of PECs and VCs ( Figure S4F and Table S8 in Supplementary Material) (Diff. = 0.249 [0.054; 0.444]; Adj-PVal = 0.036) and a borderline difference between EECs and VCs ( Figure S4F and Table S8 il-18 and iP-10 correlate With cumulative Viral load (cVl), cD4/cD8 ratio, and cD4%
We analyzed the correlation between cVL, CD4%, CD4/CD8 ratio, and markers of inflammation or immune activation. When considering only EECs and VCs, both IP-10 (ρ = 0.4830; P-value = 0.0327) and IL-18 (ρ = 0.5140; P-value = 0.0176) presented a moderate positive linear relationship with cVL ( Figures 4A,B) , and no correlation was observed between CD8 + T cell activation and cVL. When considering all HICs, the HIVneg group and cART groups, IL-18 and IP-10 correlated positively with CD8
+ T cell activation (ρ = 0.3310; P-value = 0.0075 and ρ = 0.2990; P-value = 0.0162, respectively) and negatively with CD4/CD8 (ρ = −0.2840; P-value = 0.00228 and ρ = −0.3240; P-value = 0.0094, respectively) (Figures 4C,F) and CD4% (ρ = −0.2600; P-value = 0.0381 and ρ = −0.3280; P-value = 0.0081, respectively) (Figures 4D,E,G,H) . CD8 + T cell activation presented a weak correlation with CD4/CD8 ratio and CD4% (ρ = −0.2950; P-value = 0.0179 and ρ = −0.2490; P-value = 0.0474, respectively) ( Figures S5A,B 
some ecs Displayed an immune Profile indistinguishable From hiV-1 Uninfected individuals
Elite controllers are considered models of HIV control, and their immunological profiles could give insights to identify biomarkers of an HIV functional cure (30) . Here, we performed PCA combining the different immunological characteristics analyzed among the five groups included in this study ( Figure 5) . The VC individuals are the more disperse among the groups and are totally separated from HIV-1-uninfected individuals and EECs, and they have almost no superposition with PECs. The cART individuals have a very limited superposition with HIV-1 negative individuals, reinforcing the idea that despite prolonged viral suppression, the most treated individuals do not achieve a normal immunological profile. Half of the PECs and two EECs grouped with HIV-negative individuals, highlighting the preserved immunological profile of these individuals. IL-18 and IP-10 concentration and CD8 + T cell activation have the highest contribution to the formation of the first principal component, which is alone responsible for explaining 39.4% of the data covariance. The combined analysis of these inflammatory/activation markers suggests the existence of two subgroups of ECs. One subgroup (EC low ) displayed inflammatory and activation markers within the normal range, while the other subgroup (EC high ) displayed inflammatory and/or activation markers that were above the normal range (Table S9 in Supplementary Material).
DiscUssiOn
In this study, we evaluated inflammation, CD8
+ T cell activation, CD4%, and CD4
+ T cell dynamics in HICs with long-term (>5 years) viral control at different levels. We observed that long-term ECs with undetectable viremia (≤50-80 copies/mL) presented an inflammation and activation profile similar to that observed among HIV-1 negative individuals, in agreement with previous studies using comparable stringent criteria for EC definition (10) (11) (12) . In sharp contrast, we found that a persistent low-level viremia (80-2,000 copies/mL) is sufficient to drive elevated chronic levels of immune activation and inflammation in long-term VCs.
Plasmatic levels of IP-10 and IL-18 correlated with cVL control and CD8
+ T cell activation in our HICs cohort. There is increasing evidence of the positive relationship between IP-10 and HIV-1 VL (31) (32) (33) , and previous studies have demonstrated a higher level of IP-10 in some ECs than in HIV-negative individuals (25, 34 ). Thus, the normal level of IP-10 in our ECs could reflect an extremely low level of residual viral replication, consistent with the very low frequency of HIV-1 Gag-specific responses in the IFN-γ ELISPOT assay previously described for some of these ECs (11) . HIV-1-infected individuals present higher levels of IL-18 than do HIV-uninfected individuals (35) (36) (37) . To the best of our knowledge, only two previous studies analyzed the IL-18 levels in HICs (38, 39) but did not compare EC with HIV-1 uninfected individuals.
Our analyses also support that inflammation and T cell activation reflects the past cumulative viral replication better than VL at a single point as we did not observe a direct linking between the presence of VL blips and higher levels of inflammation and/ or T cell activation in EC. For instance, individual EEC36 was analyzed during a blip (1,086 copies/mL), but displayed a low cVL (3.17 copies/mL/year) and one of the lowest levels of inflammation (IP-10 = 89.39 pg/mL and IL-18 = 278.44 pg/mL) and T cell activation (0.47%). On the other hand, individual EEC18 was analyzed at a point with undetectable VL, but displayed a relative high cVL (8.47 copies/mL/year) and a high levels of inflammation (IP-10 = 161.73 pg/mL and IL-18 = 362.62 pg/mL) and T cell activation (2.15%) among EC.
Although the mean levels of inflammatory and activation markers in our EC cohort were similar to those observed in the HIV-uninfected group, the combined analysis of the inflammatory markers IP-10 and IL- 18 + T cell depletion in some HICs (3-5, 42, 43) , although the frequency of this phenomenon greatly varies among the different cohorts evaluated, mainly due to the criteria of HIC definition and the number of subjects evaluated. Leon et al. (42) , using the criteria of VL <50 copies/mL (ECs) and <2,000 copies/mL (VCs) for at least 1 year, identified 475 HICs and showed a significant CD4 + T cell decline in 48% of them. By contrast, a study including 217 HICs from the ANRS C021 CODEX (43) with VL <400 copies/mL and at least 5 years of HIV-1 diagnosis found that only 5% experienced immunological progression. We detected no evidence of CD4 + T cell depletion in any of the long-term HIC groups evaluated in our study. This suggests that CD4 + T cell depletion may be a rare phenomenon in HICs maintaining viral suppression for more than 5 years, even for VCs and EC high subgroups. Beyond the CD4 + T cell decrease, one of the characteristics of HIV-1 infection is CD8 + T cell increase, resulting in a lower CD4/CD8 ratio and CD4% over time (44) . The CD4/CD8 ratio predicts the time to AIDS in HIV-1-infected untreated individuals (26) , and a low CD4/CD8 ratio (0.51-0.80) is associated with an increased risk of losing virological control in HIC individuals (45) . The CD4% is also one of the best predictors of AIDS-related events, even after therapy start (34) , and it was highlighted that ECs with CD4% >40% had normal levels of T cell activation and reduced expression of exhaustion markers compared with ECs presenting CD4% <40% (10). All ECs included in our study displayed a median CD4/CD8 ratio >1 and a median CD4% >40%, except for one PEC individual. Half of the VC subjects, by contrast, displayed a CD4/CD8 ratio <1 (47%) and CD4% <40% (86%). Thus, although we detected no evidence of CD4 + T cell depletion in the HIC groups evaluated in our study, persistent low-level viremia in VC appears to be associated with CD8 + T cell increase and consequently lower CD4/CD8 ratio and CD4% over time.
Our study has some limitations. First, the small number of HICs evaluated may have imposed a limitation on our capacity to detect significant differences between groups, although that limitation was compensated by the more stringent criteria of HIC definition and long-term follow-up. Second, an ultrasensitive VL assay could permit a better characterization of the accumulative residual viremia in our ECs and its relationship with markers of inflammation and immune activation. Finally, we classified the group as EC low and EC high based in only one point, a longitudinal study could help to minimize transient fluctuations in the levels of inflammation and T cell activation within each individual and to identify better plasmatic biomarkers of functional cure in ECs.
Taken together, our results confirm that the use of more stringent criteria for EC classification, combined plasmatic levels of IL-18 and IP-10, and a frequency of CD8 + CD38
+ HLA-DR + T cells could help to identify individuals with true preserved immune integrity, which is essential in the search for correlates of a functional cure in HIV-1 infection. The lack of CD4 + T cell depletion in all long-term ECs analyzed here raises the question about the benefits of cART for this population, especially for those EC subjects with normal immune activation and inflammation profiles. This study reinforced the notion that initiation of cART in ECs should be evaluated individually and supports the importance of EC follow-up with elevated plasmatic levels of IL-18, IP-10, and activated CD8 + T cells to identify those ECs at most risk for disease progression.
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